Abstract Housing quality, which includes structural and environmental risks, has been associated with multiple physical health outcomes including injury and asthma. Cockroach and mouse infestations can be prime manifestations of diminished housing quality. While the respiratory health effects of pest infestation are well documented, little is known about the association between infestation and mental health outcomes. To address this gap in knowledge and given the potential to intervene to reduce pest infestation, we assessed the association between household pest infestation and symptoms of depression among public housing residents. We conducted a cross-sectional study in 16 Boston Housing Authority (BHA) developments from 2012 to 2014 in Boston, Massachusetts. Household units were randomly selected and one adult (n = 461) from each unit was surveyed about depressive symptoms using the Center for Epidemiologic Study-Depression J Urban Health (2018) (CES-D) Scale, and about pest infestation and management practices. In addition, a home inspection for pests was performed. General linear models were used to model the association between pest infestation and high depressive symptoms. After adjusting for important covariates, individuals who lived in homes with current cockroach infestation had almost three times the odds of experiencing high depressive symptoms (adjusted OR = 2.9, 95% CI 1.9-4.4) than those without infestation. Dual infestation (cockroach and mouse) was associated with over five times the odds (adjusted odds = 5.1, 95% CI 3.0-8.5) of experiencing high depressive symptoms. Using a robust measure of cockroach and mouse infestation, and a validated depression screener, we identified associations between current infestation and depressive symptoms. Although the temporal directionality of this association remains uncertain, these findings suggest that the health impact of poor housing conditions extend beyond physical health to include mental health. The study adds important information to the growing body of evidence that housing contributes to population health and improvements in population health may not be possible without addressing deficiencies in the housing infrastructure.
Introduction
Multi-factorial and evolving, the complex relationship between housing and health has emerged as one that cannot be ignored as the medical and public health communities strive to improve population health. Key aspects of housing known to influence health are stability, affordability, quality, and surrounding community, with each exerting its influence in multiple ways [1, 2] . Of particular interest, especially in the subsidized sector, is housing quality. Housing quality, which includes structural and environmental risks, has been associated with multiple health outcomes including injury and asthma [1] [2] [3] [4] .
Cockroach and rodent infestations can be prime manifestations of diminished housing quality prevalent in subsidized housing and are associated with poor health outcomes [1] [2] [3] [4] . In a 2004 survey, over half of residents in public housing and Section 8 properties reported problems with rodents in the last year [5] . Another study found that 71% of public housing residents in a single development had infestation, but only 22% reported it [6] . Several studies have identified an association between roach and rodent exposure and asthma morbidity [7] [8] [9] [10] . While the respiratory health effects of pest infestation are well documented, much less is known about mental health effects of pest infestation or the effects of mental health conditions on pest infestation. In addition, many studies have attempted to control pest infestation in low-income housing using integrated pest management (IPM), an environmentally sensitive approach that involves a series of pest management evaluations and decisions based on a four-tiered strategy of setting thresholds, monitoring, prevention, and control [11] . However, these efforts rarely identify mental health improvements as a potential benefit of infestation reductions or measure these outcomes [10, [12] [13] [14] . This may be due to limited evidence regarding the presence or directionality of any potential association between pest infestation and mental health conditions. Several housing characteristics have been associated with mental health outcomes including housing type and indoor environmental quality [15] [16] [17] [18] . In two reviews, multi-dwelling housing type was associated with poorer psychological health as compared to living in single unit homes and housing quality was positively correlated with well-being [15, 17] . In a 2007 study, dampness and mold were associated with depression, explained in part by a lack of perceived control for residents over their home environment [18] .
The relationship between pest infestation and depressive symptoms may similarly be mediated through an individual's sense of control. The presence of pests may be perceived as an uncontrollable stressor and result in feelings of loss of control over the home environment, the domain in which many exert maximal control. Individuals who experience limited control at home or at work have an increased risk of developing depression [19] [20] [21] . Buildinglevel pest management strategies that rely on centralized decision-making may diminish an individual's sense of control, given that decisions are outside of an individual's locus of control. Conversely, pest management practices that rely on tenant engagement and participation could lead to a greater sense of control, and action could be equated with some level of control. In addition, response and sensitivity to stressful events plays an integral role in the development of depression [22] . Alternatively, depression, through its impact on motivation and concentration, may contribute to pest infestation if depressed persons find it difficult to limit pest promoting conditions in their home and engage with pest management staff.
In addition to the psychological pathways through which pest infestation might influence and be influenced by mental health, the neurotoxicological pathway needs consideration. High levels of pesticide exposure are strongly associated with high levels of anxiety and depressive symptoms in the context of occupational use [23, 24] . Although pesticides are regulated, inappropriate use can result in exposure to high concentrations, and studies have shown off-market pesticides or offlabel use in public housing developments with high rates of infestation [25] .
In Boston (Massachusetts), previous studies have shown that public housing residents have a higher prevalence of symptoms of persistent sadness than their nonpublic housing counterparts [26] . The higher prevalence of certain chronic conditions among public housing residents has been attributed to a variety of causes including substandard housing, poverty, and isolation [27] . Given the high prevalence of both depressive symptoms and pest infestation among the public housing population, and given the potential to intervene to reduce pest infestation, there was great interest among many stakeholders, including the Boston Housing Authority (BHA) and a community-based tenant organization, regarding whether pest infestation and depressive symptoms were associated. Additionally, stakeholders were interested in whether development-level pest management activities, given their potential to influence an individual's sense of control, would be either directly associated with depressive symptoms or could modify any potential association between pest infestation and depressive symptoms. While studies have focused on the associations between housing quality and depressive symptoms, few assess the relationships between the presence of pests, specifically cockroaches and mice, and depressive symptoms [16, 18, 28, 29] . To address this gap in our understanding of pest infestation and depressive symptoms, although not the temporal directionality of any potential association, we conducted a cross-sectional study to determine whether pest infestation was associated with symptoms of depression among adult residents in Boston public housing, and whether methods to reduce pest infestation, such as IPM, were associated with depression or modified any identified associations between pest infestation and depression.
Methods
The Integrated Pest Management Intensity Impact Study (IPMIIS) was a cross-sectional study conducted in 16 BHA developments from January 2012 to January 2014 in Boston, Massachusetts. To assess the association between pest factors and depressive symptoms, one adult from each enrolled household was surveyed, and a home inspection for evidence of pest infestation was performed. This study was reviewed and approved by the Boston Medical Center Institutional Review Board, and informed consent was obtained from all participants.
Setting and Participants
Housing units were randomly selected from eligible developments. To be included in the study, a development needed to have at least 75 units and could not be receiving HOPE VI funding, privately managed, or considered a condominium. Of the 63 developments in BHA's portfolio, 36 were eligible.
Given differences in pest management practices across developments and to ensure developments across the spectrum of pest infestation and management strategies were included, we used pest management data to categorize developments into pest management intensity levels. While BHA development managers use IPM principles, the implementation of these practices varied with some developments employing fewer strategies than others, resulting in program heterogeneity across our study sites.
Seven criteria, aligned with IPM principles and informed by our experiences with IPM, were included in the pest management classification scheme (Fig. 1) . Existing BHA data systems were the primary data sources. Based on the distribution of these criteria, we identified three intensity levels: high intensity IPM, low intensity IPM, and traditional pest management practices (Fig. 1) . A development was assigned to a pest management intensity level if it met three or more criteria. Of the 36 eligible developments, 12 were classified as high IPM intensity, 12 as low IPM intensity, and 12 as traditional pest management.
The 36 eligible developments were assessed on two additional criteria: ease with which study staff could access the development via public transportation and whether there was ongoing major construction work. A total of 18 developments were selected with 6 in each intensity level, which included 3 developments that primarily housed elderly and disabled residents and 3 that primarily housed families. The developments were built between 1950 and 1983. Each intensity level included walk-up, town house, and high-rise building structure types. The number of units across the developments ranged from 76 to 1016. Within each intensity level, 4 eligible developments were visited initially, to accommodate the study team logistics, with additional selected developments visited only if the rate of enrollment was not adequate. Participants were enrolled from 16 of the 18 developments (Fig. 1) .
Residential units were randomly selected from each development. The desired sample size was 480 units with 160 units in each intensity level. Based on previous experiences, we assumed one third of units visited by study staff would be enrolled. Therefore, we randomly selected 1440 units from a total of 4784 available units using simple random sampling without replacement from an enumerated census of units provided by BHA. Proportionate sampling was used to determine the number of units selected from each study development. Study staff visited randomly selected units and recruited one adult per unit. Staff visited 1440 units, 480 units in each pest management level. One participant was enrolled from 32.1% (n = 462) of units visited, with enrollment rates Fig. 1 This figure presents the criteria used to determine the three levels of pest management identified in this study: traditional pest management (PM), low integrated pest management (IPM), and high IPM. The six criteria were % of apartments receiving annual inspection, % of apartments with pests, % units with pests not followed up, 3-year average work order prevalence, pest contract lapse, and a combination of development participation in previous IPM pilot and presence of tenant coordinator. Of the 36 eligible developments, 12 developments were categorized into each intensity level, and from these 12, 6 were selected from each intensity level for inclusion in the study. Within each intensity level, 480 units were randomly selected. In the traditional PM, low IPM, and high IPM intensity levels, 161, 179, and 122 participants were enrolled, respectively. 1 A development with 3 or more criteria in one pest management intensity level was assigned to that level, 2 Fewer developments in the low IPM level were visited because the sample size was achieved prior to visiting 2 developments of 25.4, 37.2, and 33.5% in high IPM, low IPM, and traditional pest management levels, respectively. Overall, 30.9% of residents from units visited declined to participate (n = 445) and 37.0% (n = 533) of units visited did not respond to door knocks. Participants had to be 18 years or older, speak either English or Spanish, and able to provide informed consent. Each participant who completed the survey was given a $20 gift card.
Data Collection
Once enrolled, study teams administered surveys to participants in either Spanish or English. Data obtained from the surveys included sociodemographic characteristics, symptoms of depression, pest infestation, and pest management activities. Study teams also performed a visual inspection of each unit to assess for signs of pest infestation, promoting conditions, and management practices. Measurement of pest infestation was limited to cockroach and mouse problems only. Data were collected using Prontoforms® software on 3S iPhones®.
Measures
The primary outcome of this study was depressive symptoms. Depressive symptoms were assessed with the validated and widely used Centers for Epidemiological Study-Depression (CES-D) Scale. The CES-D is a 20-item scale with a possible range 0-60 [30] . A dichotomous variable was created to represent high depressive symptoms (HDS) based on validated cut points for CES-D score which maximizes the sensitivity and specificity for predicting major depressive disorder. For adults, the cut point is 16 [30, 31] . The main predictors of interest were the presence of cockroaches and mice in the housing unit. Participants were asked whether or not they had a current problem with cockroaches or mice. In addition, study teams were trained to identify four common signs of cockroach infestation (live roaches, dead roaches, roach skins, roach frass) and six common signs of rodent infestation (live rodents, dead rodents, rodent dropping, and evidence of gnawing, nesting, and rub marks). The identification of one or more signs of either pest was classified as having observed evidence of that pest. Given that self-reported infestation may be biased and staff ability to identify markers of infestation may be limited, a housing unit was identified as having a current cockroach or mouse infestation only if study staff identified evidence of cockroaches and/or mice during the inspection and the participant self-reported a problem with the same pest in survey responses. The decision to require both self-reported and staff observed pests may have resulted in an underestimation of pest infestation but increased the likelihood that units identified as infested had pests present in the unit.
Participant-reported frequency of cockroach and mouse sightings in the last year (never, few times a year or month, few times a week, or daily) was an additional predictor modeled separately from infestation.
Additional predictors included sociodemographic characteristics known to be associated with depression (age, sex, race/ethnicity, educational attainment, marital status, and employment status) and the following pest management characteristics: pest management intensity levels, presence of cockroach or mouse management practices identified by staff during inspection, participant-reported pest technician visit in the previous 12 months, and participant-reported pest product use by residents (e.g., fogs, traps, sprays) in the previous 12 months [31, 32] .
Study teams were also trained to identify 19 common pest-promoting conditions during the inspection based on BHA management and pest contractor experience. Common pest-promoting conditionsincludedthosethatallowed access to food (e.g., crumbs on surfaces, open food containers), water (e.g., dripping faucets, pet water bowls with water), and shelter (e.g., cardboard boxes, cracks, and crevices in walls). A unit was identified as having high pest-promoting conditions if staff identified more than 11 pest-promoting factors. This cut point approximated the median number of conditions among enrolled units.
Finally, three housing-related conditions associated with poor mental health in previous studies were measured: the presence of mold, residence in a high-rise building, and number of individuals in the unit [15] [16] [17] .
Statistical Analysis
Preliminary descriptive analyses were conducted to summarize the demographic composition of study participants, unit-level pest infestation, and pest management practices, as well as the distribution of mental health outcomes. In this study, because housing developments were identified and then individual units were randomly sampled from within selected developments, there existed potential for a clustering effect where household level responses could be correlated within each housing development. To account for this, marginal regression models were fit using generalized estimating equations (GEE) with a robust empirical variance estimator to account for clustering and the lack of independence of observations at the level of housing development. General linear models were constructed and used to model the association between both pest infestation and pest management practices and high depressive symptoms.
Predictor and control variables found to be significant (p ≤ 0.05) in each individual model were included. Irrespective of p value, however, models controlled for age, race/ethnicity, and sex, as these variables are independent risk factors for depressive symptoms [32, 33] 
Results
We enrolled one adult from each of 462 housing units across 16 BHA developments. Table 1 presents the demographic characteristics of all study participants with complete exposure and outcome data (n = 435). The demographic characteristics and presence of depressive symptoms did not differ between those with complete records (n = 435) and those with missing data (n = 27) (data not shown). Of those with complete data, the majority of participants (75%) were female and 45% were between the ages of 40-64 years. The proportion of nonLatino Black (26%) and Latino (54%) study participants was similar to that of non-Latino Black (32%) and Latino (47%) residents residing in the 16 BHA study developments (BHA data not shown). Approximately 53% completed high school and 22% were employed.
Depressive symptoms were reported by 38% of participants. The prevalence of current cockroach and current mouse infestation was 15 and 14%, respectively. While prevalence of cockroach and mouse infestation was similar, the frequency of sightings differed. Among those who self-reported cockroach infestation, 25% reported sighting roaches daily or few times a week, while 15% of those who self-reported mouse infestation reported sighting mice daily or few times a week (Table 1) . Additionally, among those who had current cockroach infestation, 87% reported sighting roaches daily or few times a week while 57% of those who had current mouse infestation reported sighting mice daily or a few times a week (data not shown). Table 1 also presents the unadjusted odds ratios for high depressive symptoms in association with participant characteristics, housing conditions, and pest management practices. Individuals who live in homes with current roach infestation had 2.8 (95% CI 1.9-4.0) times the odds of experiencing high depressive symptoms when compared to individuals who lived in homes without roach infestation. While current mouse infestation was not associated with our outcome, dual infestation with cockroach and mouse was associated with over four times the odds (4.2, 95% CI 2.5-6.9) of experiencing high depressive symptoms. In addition, participants who reported seeing cockroaches daily or a few times a week in the last year had almost twice the odds of high depressive symptoms (1.9, 95% CI 1.4-2.6).
Pest Infestation and Depressive Symptoms
As expected, sex, age, and race/ethnicity were associated with depressive symptoms. Housing conditions associated with depression in previous studies including presence of mold, living in a high-rise building, and overcrowding were not associated in this study.
The adjusted associations are presented in Table 2 . The association between cockroach infestation and high depressive symptoms persisted after adjusting for age, race/ethnicity, and sex (2.9, 95% CI 1.9-4.4). While there remained no association between mouse infestation and depressive symptoms in the adjusted models (1.1, 95% CI 0.7-1.8), the combination of roach and rodent infestation was associated with over five times the odds of depressive symptoms (5.1, 95% CI 3.0-8.5) when compared to those without dual infestation after adjustment.
Pest Management
While the bivariate analysis (Table 1) demonstrates a lower odds of depressive symptoms among participants living in developments with low intensity IPM (0.6, 95% CI 0.5-0.8) and traditional IPM (0.6, 95% CI 0.5-0.8) when compared to high intensity IPM, these associations were attenuated and no longer significant in the adjusted models (Table 3) . Reported pest control product use by residents in the last 12 months was associated with higher odds of depressive symptoms 
Pest Infestation and Pest Management
To assess whether pest management practices attenuated the association between roach infestation and high depressive symptoms, we generated the odds ratios for the association between roach infestation and depressive symptoms after adjusting for the four pest management practices (Table 4) . Odds ratios for roach infestation increased slightly for three of the pest management variables, and there was minor attenuation (OR from 2.9 (95% CI 1.9-4.4) to 2.8 (95% CI 1.8-4.3)) after adjusting for pest control product use by residents. Given the relationship between pest infestation and pest management, estimates of association between pest infestation and depression were stratified by pest management variables to assess for possible effect modification. Stratified odds ratios were generated for each pest management variable. The magnitude and direction of the crude and stratified odds ratios were generally similar (data not shown). In addition, interaction terms for each pest management variable were individually included in adjusted models. None of the interaction terms were significant (data not shown).
Discussion
Our study found a strong association between depressive symptoms and pest infestation among public housing residents in Boston. Specifically, individuals who lived in housing units with cockroach infestation were 2.9 times more likely to have high depressive symptoms than those without infestation in the adjusted analysis (OR = 2.9, 95% CI 1.9-4.4). The odds of depressive symptoms increased to fivefold (OR = 5.1, 95% CI Daily or few times a week 1.6 (0.9-2.9) Never Reference Never Reference 1 As estimated in generalized linear models 2 Adjusting for age, sex, and race/ethnicity 3.0-8.5) when both cockroach and mouse infestations were present. While cockroach and mouse infestations have been associated with respiratory health outcomes such as asthma, this cross-sectional study of public housing residents is among the first to assess the association between cockroach and mouse infestations and depressive symptoms using a robust measure of active pest infestation and a validated depression screening tool.
Although the study did not identify an association between depressive symptoms and development-level pest management practices, unit-level evidence of pest management practices, or pest technician visit, it did identify a significant association between self-reported pest control product use and depressive symptoms. The directionality of the association is unclear, as there are multiple mechanisms by which individual pest control use could influence depressive symptoms (e.g., the stress related to individuals needing to take action beyond development-level pest management), or the result could be interpreted as residents who are depressed continuing to take action to control pests. The analysis did not demonstrate a significant attenuation of the association between pest infestation and depressive symptoms when adjusting for these pest management practices. Selfreported pest control product use in the home, such as fogs, sprays, and bait traps, modestly attenuated the association of roach infestation with depression, with a reduction in the odds ratio from 2.9 to 2.8. Use of pest control products may be a means through which one may exercise control over one's home environment. Although modest in magnitude, the attenuation of the relationship between pest infestation and depression by self-reported product use qualitatively supports Bloss of control^as a plausible pathway between pest infestation and depression symptoms [18] .
In addition to the loss of control mechanism, previous research has identified at least two other plausible [22] . Additionally, cockroach infestation could lead to social isolation because individuals may be reluctant to invite others into their home or guests may be unwilling to visit. Either way, the infestation could undermine social bonds and limit social support known to protect against poor mental health [28] . Our findings are consistent with the limited literature assessing the specific association between roach and rodent infestation and depressive symptoms. A previous study examined self-reported cockroach and rodent infestation and several measures of well-being [30] . While the study identified a relationship between rat infestation and somatization, it was restricted to women of color and limited by its use of self-reported infestation measures, which could be influenced by depressive symptoms. In a 2015 case series, Reider et al. described several patients who suffered the psychiatric consequences of bed bug infestation. The case reports described a range of psychiatric conditions associated with bed bug infestation including major depressive episodes and anxiety-spectrum disorders as well as social isolation [34] . While informative, these case reports are not generalizable.
Beyond the association between pest infestation and depressive symptoms, our study reinforced the high prevalence of depressive symptoms among public housing residents. Our finding that 38% of participants reported depressive symptoms is consistent with 2015 population survey data from Boston which indicated that 20.7% (95% CI 15.8-25.6) of BHA residents reported ≥ 15 days of sadness, significantly above general population estimates [26] . The difference in magnitude may be attributed to a difference in methods. The use of a validated tool and the random selection of units reduce the likelihood of a biased estimate of depressive symptoms in our study.
This study is limited by several factors. The crosssectional design does not allow us to specify the directionality of the relationship between infestation and depressive symptoms. However, a key finding suggests pest infestation contributes to depressive symptoms. There was no significant difference in the presence of pest-promoting conditions among those with depressive symptoms compared to those without depressive symptoms. If depression preceded pest infestation, one might expect homes of depressed participants to have a higher prevalence of conditions that promote pest infestation such as open food containers, but no such differences were observed in this study. It is likely, however, that the relationship between pest infestation and depressive symptoms is bi-directional, each exerting its influence on the other in multiple ways. Further research is needed to understand the temporal relationship between cockroach infestation and depression, and to identify potential mediating factors such as control, stress, and isolation. Finally, the study is limited by our inability to address unmeasured confounders such as stress, income, and other health conditions.
While the study focused on public housing residents, a considerable strength in understanding pest management practices and structural characteristics of buildings, this may limit its generalizability. However, the random selection procedure used to select housing units maximized the representativeness of the BHA sample, which enhances our ability to generalize to other urban public housing settings, and possibly other affordable multi-unit housing situations. In addition, the relative economic homogeneity of this population may have limited the potential influence of unmeasured economic factors such as poverty, which are known risk factors for depression, on the associations identified in this study. While the percentage of units with current cockroach and mouse infestations was similar, the lower prevalence of daily or weekly mouse sightings suggests the study may have been underpowered to identify an association between mouse infestation and depressive symptoms. Finally, methods to measure pest management practices may have been limited in their ability to adequately capture pest management activities and their potential association with depressive symptoms.
Our study has several public health implications. First, this study demonstrates that the impact of cockroach infestation extends beyond respiratory health to include emotional well-being and mental health. And while not directly demonstrated in our study, activities to prevent and reduce pest infestation may have broader health benefits than those previously identified.
This study also provides further evidence in support of the movement to screen for mental health conditions among those who report pest infestation in the health care setting. In addition to providing the necessary treatment for any conditions identified, this type of screening may provide an opportunity to help an individual advocate for his or her rights as a tenant and enlist the help of appropriate government agencies to ensure building managers are adhering to standard codes.
Finally, this study adds important information to the growing body of evidence that housing contributes to population health and improvements in population health may not be possible without addressing deficiencies in the housing infrastructure. It raises questions and exposes the need for additional research to understand whether addressing housing quality should be part of a larger, national mental health strategy.
